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Abstract 
If sustainability implies the preservation of resources for future generations, then pest management tools, 
like insecticides and insect-resistant varieties, can be considered resources that should be preserved for 
future generations. Overuse of these tools can result in resistance such that their ability to prevent yield 
loss is lost. Replacements can be found in the form of new active ingredients or novel plant traits. 
However there is growing evidence that as resistance to a single toxin increases, the rate of resistance 
developing for other toxins increases due to cross-resistance (Whalan et al. 2008). Furthermore, the use 
of insecticides within areas of intense agricultural activity affects the delivery of ecosystem services like 
pollination (Kremen et al. 2002) when non-target insects like bees are also killed. In an effort to reduce 
such non-target impacts, entomologists have developed an approach referred to as integrated pest 
management {IPM) to minimize insecticide use (Stern et al. 1959). Much of the theory for applying IPM 
principles was developed with regard to soybean production (e.g. Stone and Pedigo 1972). In this chapter, 
we will explore whether IPM can lead to sustainable pest management for soybeans. 
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1 Introduction 
1.1 Sustainable crop production and pest management 
If sustainability implies the preservation of resources for future generations, then pest 
management tools, like insecticides and insect-resistant varieties, can be considered 
resources that should be preserved for future generations. Overuse of these tools can 
result in resistance such that their ability to prevent yield loss is lost. Replacements can be 
found in the form of new active ingredients or novel plant traits. However there is growing 
evidence that as resistance to a single toxin increases, the rate of resistance developing for 
other toxins increases due to cross-resistance (Whalan et al. 2008). Furthermore, the use 
of insecticides within areas of intense agricultural activity affects the delivery of ecosystem 
services like pollination (Kremen et al. 2002) when non-target insects like bees are also 
killed. In an effort to reduce such non-target impacts, entomologists have developed 
an approach referred to as integrated pest management {IPM) to minimize insecticide 
use (Stern et al. 1959). Much of the theory for applying IPM principles was developed 
with regard to soybean production (e.g. Stone and Pedigo 1972). In this chapter, we will 
explore whether IPM can lead to sustainable pest management for soybeans. 
Stern et al. (1959) described many negative consequences from the preventative use of 
insecticides and outlined an alternative that many consider the first articulation of IPM. Central 
to this approach is restricting the use of pesticides to when the abundance of the target pest is 
sufficient to reduce yield. IPM focuses on the concepts of the gain threshold, economic injury 
level (Ell) and economic threshold (ED. These values can be calculated for specific pests and 
http://dx.doi.org/10.19103/AS.2017.0034.19 
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crop combinations. In general, the gain threshold is reached when the cost of suppressing 
yield loss due to an insect pest equals the value of the crop. Ell is the lowest number of insects 
that will cause yield loss equal to the gain threshold. Once a pest population reaches an Ell, 
a famner has lost value, so entomologists calculate an ET, often in terms of a pest density, 
at which point a management action should be taken to prevent a pest population from 
reaching the Ell (Higley and Boethel 1994). To apply these principles, farmers are required to 
scout their fields to detemnine what pests are present and if their density is approaching an ET. 
By limiting the use of insecticides to only those situations in which they are needed to prevent 
yield loss, the risk of insecticide resistance and environmental degradation could be reduced. 
1.2 Integrated pest management practices for soybean 
Not all pests have an Ell or ET calculated for determining the need for an insecticide and 
the timing of its application. However, IPM is not limited to insecticides, and a management 
programme should consider all possible approaches to disrupt and limit the impact of a 
target pest (Pedigo and Rice 2014). Preventing yield loss from insect pests can also include 
the use of biological control and insect-resistant soybeans. Each of these strategies has 
advantages and disadvantages, with the target pest often dictating which form is the 
primary tool used by farmers. Below, we discuss these general practices, highlighting a 
few examples of where they have been used for soybean production. 
In general, natural enemies can cause significant mortality to insect herbivores, limiting 
their capacity to reach populations that exceed an ET. These natural enemies include 
predators, parasitoids and pathogens, which may attack various stages of an insect pest's 
growth (i.e. egg, larvae, adult). When these natural enemies are managed, either through 
their rearing and release or through their conservation in and around the target crop, a 
famer is practising biological control (Hayek 2004). In general, there are three approaches 
to using natural enemies to manage pests: Importation (or classical), Augmentation 
and Conservation (for examples, see Landis and Orr 2017). The utility of each approach 
varies by pest. For example, invasive species that have escaped the natural enemies that 
limit their growth within their native range are ideal candidates for a biological control 
programme that imports these natural enemies into the exotic range of the pest. Such a 
practice will be discussed in the case study below. Augmentation differs from importation 
because the natural enemy reared and released can already be found in the field, but 
its population is too low to suppress a target pest. Augmentation is typically not used 
for field crops like soybeans due to the large area that needs to be covered. In regions 
where there are sufficient resources to rear and release larger amounts of natural enemies, 
an augmentation plan can work. For example, Brazilian farmer cooperatives developed 
a programme to rear Beauveria bassiana, a bacterial pathogen that was sprayed on 
soybeans to kill lepidopteran pests (Li et al. 2010). Conservation biological control seeks 
to improve the habitat within and around a targeted crop field to increase the abundance 
and impact of natural enemies on pests. The impact of conservation biological control has 
been explored for pest of soybeans, but with limited success (Cox et al. 2014). 
Insect-resistant soybeans are commercially available, often in the form of genetically 
modified (GM) crops with genes that are toxic to specific insect herbivores. Currently, 
these are available in China (Yu et al. 2014), Argentina, Brazil, Paraguay and Uruguay 
(Anon. 2016). To date, insect-resistant GM soybeans are not commercially available in the 
United States and European Union. This limited distribution of GM-based traits is due in 
part to government regulation and trait protection (i.e. establishing intellectual property). 
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Resistance to insects can be found in the germplasm of soybean (e.g. Hesler et al. 2013), 
but the commercial availability of this form of resistance is limited, as will be discussed 
below in the case study. 
Worldwide, farmers have access to insecticides that can be applied to both soybean seed 
and foliage. The application of insecticides to soybean seeds began with the discovery 
and registration of neonicotinoids, a class of systemic insecticides that can move internally 
through a plant. Their initial use in treating soybean crops within the United States was for 
the management of the bean leaf beetle (Cerotoma trifurcata, Bradshaw and Rice 2003), 
which had caused significant yield loss in Minnesota, Iowa and parts of Wisconsin during 
a ten-year period beginning in the early 1990s. Beginning with emergency exemptions 
and eventually ending with a complete federal label from the EPA, neonicotinoids were 
approved for use on soybeans. Within a decade, the use of neonicotinoids as a seed 
treatment on soybeans became very common, accounting for 30-60% of commercial 
soybeans sold in the United States (Douglas and Tooker 2015). This almost exponential 
increase in use in the United States mirrors the global use of neonicotinoids on both seed 
and foliage in other field crops as well (Simon-Delso et al. 2015). Estimates of the economic 
value for seed-applied insecticides in the United States varies by region (Johnson et al. 
2009; North et al. 2016), in part due to regional differences in pest complexes. In a review 
of research on the efficacy of neonicotinoid seed treatments for soybeans, the United 
States Environmental Protection Agency questioned their value for most of the soybean 
growing regions of the United States (Myers and Hill 2014). Furthermore, there is growing 
evidence that the use of neonicotinoids is responsible for environmental damage (Sanchez-
Bayo 2014; Krupke et al. 2012; Mogren and Lundgren 2016), with several NGOs calling 
for their restricted use or outright ban. To what extent a cost-benefit analysis will result in 
restrictions on neonicotinoid use in the United States is not clear, though such regulatory 
action has been taken in the European Union. The widespread, preventative approach 
to insecticide use could accelerate the occurrence of resistance in target pests. Recently, 
resistance has been documented for the soybean aphid (details below). Replacing these 
active ingredients can be challenging as the time and effort to discover and bring new 
chemistries to market can require -10 years and $10-30 million. This example highlights 
how bringing insecticides to market is challenging, with multiple issues influencing the 
registration process. 
1.3 Use of pest management approaches globally and in the 
United States 
Pest management practices for soybean production - biological control, host plant 
resistance and insecticides in an IPM context- vary widely by geography. In countries with 
substantial infrastructure for research and extension, a well-implemented IPM programme 
is more likely as it requires resources for crop scouting, measurement of growing degree 
days, access to market values of the crop and ongoing research to maintain and share 
information about ETs and injury levels (Parsa et al. 2014). Such resources are often 
not available for soybean production in developing countries, possibly making IPM 
inappropriate for resource-poor farmers (Morse and Buhler 1997). As noted by Parsa et al. 
(2014) the potential barriers to the adoption of IPM vary based on the resources available 
to farmers. So even though the value of restricting the use of insecticide could make IPM 
a valuable approach in developing countries where the cost of an insecticide can be a 
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significant input, a lack of collective action and availability of IPM experts can limit its 
adoption. Exploring the sociological and economic factors that restrict IPM is beyond the 
scope of this review. For an example of a more IPM-based approach that has replaced a 
preventative approach to insecticide use in a resource-poor farming system, consider the 
management of leaf hoppers in rice fields within Indonesia (Matteson 2000). 
In the discussion of key issues for sustainable pest management, we use two case 
studies to highlight the biology of the target pest and components of the economic 
returns that affect the use of pest management in soybeans. These are taken from two of 
the leading soybean-producing regions of the world, the United States and Brazil. These 
examples focus primarily on large-scale producers that employ conventional (i.e. not 
organic) production practices. However, some key issues and some of the tactics can be 
appropriate for organic production. 
2 Invasive species 
In the United States, soybeans are an exotic plant introduced from Asia. As a result of this 
introduction, soybeans escaped many of the insect pests that feed on the plant within 
its native range (Kogan and Turnipseed 1987; Kogan 1998). Historically, soybeans have 
required little need for insecticides in the states that produce most of the crop. Despite this 
escape, several insect species that are either native or endemic to the United States use 
soybeans as a host, often inflicting significant damage. Outbreaks had been uncommon, 
limited to the more southern states of the continental United States where several stink 
bug and lepidopteran species populations can frequently build and thus reduce soybean 
yields (Musser et al. 2015). 
Despite this extended honeymoon period, insect pests that feed on soybeans in 
the United States have spread due to invasive species that have recently established 
themselves in the major soybean-growing regions of the United States. This includes 
the invasion by the soybean aphid (Aphis glycines), the kudzu bug (Megacopta cribraria) 
and the brown marmorated stink bug (Halyomorpha halys). Each of these species is 
capable of establishing large populations on soybeans in the United States, resulting in 
economic damage. Invasive species are a threat to sustainable production as they require 
the use of insecticides when previously this was not required. This may disrupt existing 
pest management programmes by reducing the population of natural enemies within a 
crop field, allowing for secondary pests to recolonize treated fields. A major driver for 
the emergence of invasive pests is global trade (Work et al. 2005). Soybean-producing 
regions that are closest to highly trafficked areas, like airports or harbours, are at risk for 
exposure to invasive species. For example, both the soybean aphid and kudzu bug are 
thought to have been introduced to the United States in cities with international airports, 
like Chicago, Illinois and Atlanta, Georgia, respectively (Ragsdale et al. 2011; Hosokawa et 
al. 2014; Ruberson et al. 2013). 
In general, invasive species are not often a significant pest in their native range but 
produce significantly larger populations in their introduced range. Ecologists explain 
this by invoking the Enemy Release hypothesis, noting that when a species is brought 
into a new place, it often arrives without the natural enemies that feed on it within its 
native range (Crawley 1989). Due to this ecology of invasive species in general, a common 
approach to their management is an importation biological control programme (Hayek 
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2004). Such a programme seeks to reunite the natural enemies that prevent these pests 
from developing large populations in their home range. Currently, efforts to establish a 
population of natural enemies that attack invasive pests of soybeans in the United States 
are underway. This approach is not without problems as the introduced natural enemies 
may attack non-target organisms, including native insects, or they may have unexpected 
negative impacts on the environment and other cropping systems. For an example of 
these negative consequences, consider the review of the invasion of Harmonia axyridis 
(Koch 2003; Koch and Galvan 2008), an invasive species and predator of the soybean 
aphid in North America that is the dominant lady beetle species found in soybean fields 
throughout the Midwest soybean-growing region (Gardiner et al. 2009a; Schmidt et al. 
2008). 
2.1 Case study: developing an IPM programme for an invasive 
soybean pest: Soybean aphid in the US Midwest 
An example of an invasive pest that has had a large impact on soybean production in 
the United States is the soybean aphid (Aphis glycines). The impact of soybean aphids 
in North America has been reviewed in several places, with a focus on its ecology and 
management (Ragsdale et al. 2011; Hodgson et al. 2012b; Tilmon et al. 2011 ). This aphid 
feeds almost exclusively on soybeans during the summer and overwinters on the woody 
perennial, common buckthorn (Rhamnus cathartica), also invasive in North America. 
Despite Rhamnus often being several kilometres away from soybean fields, outbreaks 
of soybean aphids occur across the Midwest region of the United States. This is due to 
the ability of the soybean aphid (and many other aphid species) to disperse over great 
distances during the spring and fall when they move between their two host plants in 
anticipation of seasonal changes. Although local dispersal from Rhamnus to soybeans 
can help explain within-field abundance of soybean aphids early in the growing season, 
soybean aphids migrate between these two plants at the landscape scale (Bahlai et al. 
2015). Therefore, even though a farmer in the Midwest may practise crop rotation, say for 
the management of other insect pests like corn rootworms (Gray et al. 2009), migrating 
soybean aphids can discover soybean fields, even though location of soybeans within the 
landscape changes yearly. In the United States, several endemic predatory insects are 
found in soybean fields and feed on the soybean aphid (Schmidt et al. 2008; Rutledge 
et al. 2004), capable of suppressing populations below an ET (Gardiner et al. 2009b). 
However, outbreaks continue, though less frequently and intensively than in the initial five 
years of the aphid's occurrence in the United States (Bahlai et al. 2015). 
With the arrival of the soybean aphid to North America, applied entomologists at both 
University and Federal research programmes began a series of experiments to determine 
methods to prevent yield loss from the aphid's feeding. A multi-state, multi-year study 
revealed the relationship between aphid density (i.e. number of aphids per plant) and 
yield loss (Ragsdale et al. 2007). From this relationship an Ell (-675 aphids/plant) and an 
ET (250 aphids/plant) were calculated based on a range of crop values and input costs. 
This data set was developed from naturally occurring infestations during the reproductive 
stages of the soybean plant (R1-R4). Initial recommendations encouraged farmers to 
scout fields during these reproductive stages to determine if populations reached the 
ET and were increasing. This is time-consuming, especially when a tall (-1 m) plant has 
many side branches. To reduce the time needed to assess if an aphid population requires 
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a foliar application of insecticide, Hodgson et al. (2004) developed a sampling plan 
('speed scouting') that can allow a field to be evaluated within 8.6 minutes compared to 
57 minutes when aphids are counted on each plant. This speed scouting approach was 
tested in multiple, commercial fields (Hodgson et al. 2007), and was found to protect 
yield compared to untreated plots. Decisions based on speed scouting were consistent 
with whole plant estimates 79% of the time, with differences occurring in speed scouting 
suggesting an insecticide application was needed when it was not. Based on these 
findings, speed scouting is considered a conservative method to make estimates, and 
farmers are encouraged to take multiple samples to more accurately assess populations. 
The development of Ell and ET, with the guidelines for scouting and assessing the 
population density of soybean aphids, is the basis for the IPM programme recommended 
to soybean farmers in the US Midwest region (Hodgson et al. 2012b). 
Beyond determining the need for and timing of a foliar application of insecticide, 
there is little else that a farmer in the United States can do to manage soybean aphid 
outbreaks. Cultural practices like crop rotation (noted above) have no or limited impact on 
the aphid. The sequence of crops within a rotation can increase the risk of a soybean aphid 
outbreak, if it produces physiological stress on the soybean plant such that it is a better 
host for the aphid. When soybeans are potassium deficient, soybean aphid populations 
grow faster and are more likely to reach ET and Ells than in soils grown in fields with 
sufficient potassium (Bruulseman et al. 2010). A soybean plant that suffers from potassium 
deficiency is a better host of the aphid (i.e. more nutritious) than a healthy soybean plant. 
Farmers are recommended to manage potassium levels in the soil through fertilization, 
especially in regions where alfalfa is part of the crop rotation. 
Pest managers using an IPM approach are encouraged to include multiple tactics 
(Pedigo and Rice 2014; Stern et al. 1959), beyond insecticides. Both biological control and 
aphid-resistant soybeans have been explored as management options. As noted earlier, 
several predatory insects were noted as a source of mortality for soybean aphids in North 
America, but are insufficient to prevent outbreaks. Efforts to improve upon the biological 
control of soybean aphids in the United States have taken several forms, including using 
volatiles to attract natural enemies into a soybean field (Mallinger et al. 2011), adding 
habitat for conserving natural enemies (Cox et al. 2014) and importation of natural enemies 
from Asia to the United States (Heimpel et al. 2004). 
Beyond insecticides, yield loss from soybean aphids can be prevented with aphid-
resistant soybean varieties. Soon after the discovery of the soybean aphid (Aphis glycines) 
in the United States, breeders discovered genes that confer resistance to Aphis glycines (or 
Rag-genes) in soybean germplasm. Commercial cultivars containing Rag1 were first sold 
in 2010, yet their use is limited, in part because of survival by soybean aphids on resistant 
cultivars occasionally at economically damaging levels (Hesler et al. 2013). Unlike a cultivar 
with only one Rag gene, a Rag1 + Rag2 pyramid protects soybeans from economically 
damaging levels of soybean aphids without the use of insecticides (Mccarville et al. 
2014). However, even this pyramid is not aphid-free. Several virulent biotypes capable of 
surviving on Rag-containing soybean lines including one that survives on a Rag1 + Rag2 
pyramid (i.e. Biotype 4; Alt and Ryan-Mahmutagic 2013), have been discovered in the 
United States. Unique pyramids have been developed with the capacity to suppress aphid 
populations containing biotype 4 (Ajayi-Oyetunde et al. 2016). 
Beyond the use of Rag genes found within the soybean germplasm, there is the 
potential to add novel aphid resistance to soybeans through genetic modification. 
Soybean aphid mortality was produced through Bt-proteins modified to increase 
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exposure to a phloem-feeding insect (Chougule et al. 2013), resulting in a novel source 
of resistance. Because this is a novel trait with no evolutionary history with the soybean 
aphid, the occurrence of biotypes virulent to a St-protein is expected to be lower than 
that of biotypes virulent to Rag genes. Regardless of the source of resistance incorporated 
into a soybean plant to protect it from the soybean aphid, long-term use of an insect-
resistant variety will require a resistance management plan. This topic will be discussed in 
the second case study. 
Despite efforts to advance both biological control and host plant resistance for soybean 
aphids, insecticides are the main management tactic available to US farmers to manage 
the spread of soybean aphid. How sustainable a soybean aphid management is can be a 
function of how frequently farmers apply IPM recommendations and how much insecticide 
is used within the region affected by insect pests. Before soybean aphids arrived in the United 
States, few, if any, insecticides were used on soybeans in the states that grow the majority 
of soybeans (Illinois, Iowa and Minnesota). Since its establishment in 2001, insecticide 
use has increased 130%, mostly in the form of foliar-applied insecticides (Ragsdale et al. 
2011 ), though seed-applied insecticide use has also increased (Hodgson et al. 2012a). 
As noted above, all of the elements of an IPM-based approach for using insecticides 
were developed for the soybean aphid, including an Ell and ET, and a scouting method 
that allows for rapid scouting of an aphid population (Ragsdale et al. 2007; Hodgson et 
al. 2012b). While these methods were being developed and shared, surveys of farmers 
in the Midwest revealed that insecticide use varied yearly (13-89%), with the majority 
of farmers (84-94%) identifying scouting reports as 'very important'. Curiously, over the 
course of the survey period (2004-07) the percentage of farmers that identified the ET as 
the lowest aphid density for profitable insecticide spraying decreased over time, reaching 
a high of 7 4% but reducing to the lowest percentages in the last year of the survey for all 
states (MN = 50%, Ml= 47%, IA= 51%). This is especially interesting as, compared to a 
preventative approach, the economic value of this !PM-based recommendation for the 
soybean aphid has been shown to be more profitable for farmers (Johnson et al. 2009; 
Krupke et al. 2017). For example, the likelihood of exceeding the gain threshold was 
greater when insecticides were applied based on need as opposed to a calendar basis (i.e. 
preventatively), 84-70%, respectively (Johnson et al. 2009). 
So, if an IPM approach to using insecticide is profitable, why do these soybean farmers not 
adopt I PM-based strategies? In general, there are two possible mistakes farmers can make 
when employing an ET to apply an insecticide; (I) an insecticide can be applied when it is 
not needed or (II) not applied when needed. Johnson et al. (2009) estimated that the cost 
of an insecticide and its application was approximately $35.82/ha ($14.5/acre), resulting 
in a gain threshold for applying a foliar insecticide of 116 kg/ha, which is approximately 
3.6% of the average yield of an Iowan soybean field. An untreated outbreak can reduce 
soybean yield by as much as 40% (Ragsdale et al. 2011), suggesting the consequences 
of the first mistake (I) are minor compared to the second mistake (II). Without insurance 
to compensate farmers in case this latter mistake is made, there is more incentive for 
farmers to apply insecticide when not needed for this pest. Furthermore, Orlowski et 
al. (2016) noted that a single application of an insecticide exceeded a gain threshold 
from 37% to 93%, across a range of increasing crop values. This insecticide was applied 
independent of the density of soybean aphids or any other pests. Because the insecticides 
used by Orlowski et al. (2016) are toxic to a wide variety of insect pests, it is unclear if the 
yield protection was due to the suppression of soybean aphids or combinations of other 
insect pests. What is clear is that from the perspective of a soybean farmer, there can be 
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great, immediate value in using insecticides regardless of pest pressure. Unfortunately, 
this can lead to the soybean aphid experiencing selection pressure that could produce 
a population resistant to insecticides, which has occurred with other aphids (Hemingway 
2000). Thus, the preventative use of insecticides can erode their value for crop production, 
making this approach unsustainable. 
Resistance to foliar-applied insecticides would be very damaging to soybean production 
where the soybean aphid is common. Currently, a limited variety of active ingredients are 
available to soybean farmers, with the most commonly used ingredients being pyrethroids, 
primarily lambda-cyhalothrin. During the initial decade of the aphid's occurrence in the 
United States, lambda-cyhalothrin was used in many studies and efficacy trials of various 
other insecticides (Hodgson et al. 2016). Repeatedly, these trials demonstrated remarkable 
mortality almost immediately, with populations reduced by as much as 99%. Recently, 
failures to prevent soybean aphid outbreaks with pyrethroids have been attributed to 
populations resistant to these insecticides (Hanson et al. 2017). The full range of these 
resistant populations is not fully known. Currently, it appears to be limited to West-Central 
Minnesota, with reports of failures in the bordering states (Iowa, South Dakota, North 
Dakota). If this resistance spreads, it is likely to cause yield losses, especially for farmers 
that apply insecticides in a preventative manner without scouting or assessing the efficacy 
of the insecticide after application. In this scenario, continued selection pressure for 
insecticide resistance will lead to greater frequency of resistant aphids within population. 
Going forward, the potential for a reduction in the use of insecticides is possible if more 
pest management tactics are available to soybean farmers. Efforts to release parasitoid 
wasps from the soybean aphids' native range to attack the aphid in the United States 
continue (Hopper and Diers 2014; O'Neal unpublished data). Such importation biological 
control programmes can have a remarkably favourable cost-benefit ratio, with many 
examples of success (Bale et al. 2008; Kenis et al. 2017). However, most of the examples 
of successful establishment of an exotic natural enemy and subsequent suppression of 
the target pest are most associated with perennial crops. A recent review of importation 
biological control for insect pests of woody plants suggests that the success rate of such 
importation biological control programmes can be low (Kenis et al. 2017). 
Based on comparisons with other field crops, the use of aphid-resistant cultivars may 
have a more immediate impact on the sustainable production of soybeans. Regardless of 
which form aphid-resistant soybeans take, the impact of this technology could significantly 
reduce the use of insecticides. In a recent lifecycle assessment of the environmental 
impacts of the major field crops in the United States (wheat, cotton, corn and soybean, 
see Yi and Suh 2015), only soybean production was found to have a negative impact on 
the health of freshwater ecosystems. This increase is due to an increase in insecticide use 
for soybean aphid management. The authors note that unlike corn and cotton, whose 
pests are managed by insect-resistant cultivars developed through genetic modification 
(i.e. GM), the availability of insect resistance for soybeans is commercially limited in the 
United States. By shifting pest management from insecticides to insect-resistant varieties, 
GM crops could reduce the environmental impact of agriculture. However, in regions 
where GM soybeans with resistance to an insect pest is common (i.e. South America), 
their sustainable use is not guaranteed as noted below. For the soybean aphid, regardless 
of the source of the resistance, there is a need to develop insect resistance management 
(IRM) that limits the occurrence of virulent aphid biotypes that can survive on aphid-
resistant plants. As noted in the next case study, an IRM plan is required to prolong the life 
of insect-resistant varieties. 
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For soybean to reap the benefits of insect-resistant varieties enjoyed by these other crops, 
an IRM plan may be required. In the United States, an IRM plan is required for registration 
of a GM variety. Such plans are not required for the registration of insecticides, but the 
Insecticide Resistance Action Committee (www.irac-online.org) provides guidelines for 
selecting and using insecticides to prevent resistance and cross resistance. 
In anticipation of the widespread use of insect-resistant crops, manufacturers, federal 
regulators and farmers were involved in developing and implementing plans to limit the 
occurrence of resistance to these crops. Several strategies are available and have been 
reviewed (Tabashnik et al. 2008). In general, the two main strategies include a high dose 
and refuge. The high dose is defined by the insect-resistant variety producing a high 
dose of a toxin that kills enough of the pest population to make inheritance of resistance 
functionally recessive (i.e. only homozygous resistant individuals survive, assuming 
resistance is an autosomal trait controlled by a single locus with two alleles). A refuge is 
planted to produce susceptible adults that mate with the resistant adults, reducing the 
likelihood that homozygous resistant progeny are produced. Depending upon the crop 
and target insect, the susceptible plants of the refuge may be planted next to the main 
crop (i.e. a block refuge) or interspersed within the main crop (i.e. a refuge in a bag). 
However, if the target pest is polyphagous, such that it can survive on multiple plants, 
then a natural refuge may be possible. Such a refuge does not require the planting of 
susceptible plants alongside or within the resistant crop. 
When these strategies are made available by the manufacturer and adopted by farmers 
the sustainable use of insect-resistant crops has been observed (Tabashnik et al. 2008) 
However, where the recommended IRM plan was not fully implemented, failures have 
been observed (Gassmann et al. 2011). In the case study below, we explore how the use 
of GM soybeans in South America has fared, noting the extent to which IRM was practised. 
3.1 Case study 2: managing multiple pests with St-soybean in 
South America 
St-soybean has become a common part of the soybean production landscape in South 
America, especially in Brazil and potentially Argentina. St-soybean, specifically the 
expression of the Cry1 Ac protein from Bacillus thuringiensis, is a trait owned by Monsanto 
Company and made available through a number of different seed companies depending 
on the country, including both national and international (i.e. Syngenta) agricultural 
companies (Silva et al. 2016). It is commonly known commercially as INTACTA RR2 PRO, 
seed with a suite of technologies combining insect resistance and herbicide resistance. 
This product can be a source of mortality and is advertised as a management tool for 
common lepidopteran pests of soybean, including Anticarsia gemmatalis, Chrysodeixis 
inc/udens and Helicoverpa armigera (Bernardi et al. 2012; Yu et al. 2013). This St-protein 
does not provide protection from lepidopteran pests within the genus Spodoptera (Silva 
et al. 2016; Bernardi et al. 2014). 
When St-soybeans were used in Brazil, insecticide usage was reduced (Kaskey 2016). 
Such a change suggests that this technology may lead to more sustainably produced 
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soybeans, by limiting the environmental impacts of soybean production. For example, 
many of the insecticides used on soybeans are broad spectrum, referring to their toxicity 
to all insects and not just a target pest. Replacing broad-spectrum insecticides that kill 
both the target insect and non-target insects with a more specific pest management 
approach, like Bt, can help conserve beneficial insects. This benefit was confirmed in a 
study conducted in Brazil that showed a significant decrease in pest populations and no 
effect on beneficial insect populations when INTACTA soybeans were used without an 
insecticide (Justiniano et al. 2014). Switching to a more selective insecticide can allow non-
target pests to re-emerge as pests, resulting in secondary pest outbreaks. Such outbreaks 
have occurred in other crops when Bt-traited cultivars are used (Catarina et al. 2015). 
There is potential for this to occur with St-soybean. For example, Spodoptera spp. are 
a potential secondary pest for INTACTA soybeans, though this may be limited if natural 
enemies of these pests are conserved (Bernardi et al. 2014). 
The sustainable use of the Cry1Ac protein in soybeans may be limited by the use of this 
toxin in other crops, like corn and cotton. The occurrence of resistance may be exacerbated 
when such crops are grown in a tropical climate like that found in Brazil. Crop production 
can occur throughout a calendar year without a fallow period (i.e. winter in temperate 
regions). Irrigation can allow for production in a dry season, allowing for continuous crop 
production. In these conditions, an insect that feeds on a crop can experience multiple 
generations within a year. When St-crops are planted in this continuous manner, the risk 
for resistance can be increased. For example, field resistance to St-corn by Spodoptera 
frugiperda has occurred in Brazil in regions where corn is produced continuously (Farias 
et al. 2014). Although a refuge may have been recommended, it is unclear how well it was 
adopted in this region of Brazil. 
Unlike the United States, where the use of Bt crops and the required refuge is regulated 
at a national level, the refuge regulation is less clear in Argentina and Brazil. In Argentina, 
private companies are leading the efforts to plan against resistance. A committee has 
been formed to manage resistance issues resulting from the use of St crops; however, 
it is industry led, not a government initiative or law. The Insecticide Resistance Action 
Committee (IRAC) is a specialist technical group of the industry association Croplife, 
which is an international trade association representing agricultural businesses. In 2015, 
IRAC provided recommendations for managing resistance for St in soybean, cotton and 
corn in Brazil. With regard to soybean, this recommendation includes several practices 
including a 20% refuge of a non-St cultivar and the selection and timing of insecticides in 
the entire pest complex that attacks soybean. Although these recommendations may be 
effective in delaying the occurrence of resistance, to what extent they are being followed 
by farmers will determine if they truly work. In our review of this topic, we found outreach 
material from both research organizations and government agencies promoting the use of 
refuges but no mention to the legal requirement of a refuge. 
Finally, managing resistance in soybeans will be additionally challenged by invasive 
species. Recently, Helicoverpa armigera, a polyphagous pest that feeds on several field 
crops, has been found in Brazil (fay et al. 2013). Agriculture in Brazil allows for multiple 
seasons of crop production with overlapping cropping seasons. If farmers in a region 
where Helicoverpa armigera is established use the same St-protein in cultivars of maize, 
soybean and cotton, then providing a refuge may be challenging. To date, field-derived 
resistance to Cry1Ac by Helicoverpa armigera has not been reported in Brazil (Dourado 
et al. 2016). However, resistance to Cry1Ac for Helicoverpa armigera has been reported 
in the lab and field (Akhurst et al. 2003; Zhang et al. 2012; Liu et al. 2010), suggesting 
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that Helicoverpa armigera is capable of overcoming this toxin. As noted by Dourado et al. 
(2016), planting a refuge of Helicoverpa armigera-susceptible crops is not mandatory in 
Brazil, thus making the sustainable use of this trait, either alone or in a pyramid with other 
Bt traits, a challenge. 
4 Conclusion 
The goal of this chapter was to describe factors that are leading to increased adoption 
of preventative/prophylactic use of insect pest management tools. When a preventative 
approach is adopted, unnecessary use of insecticides and pest-resistant cultivars will 
continue, which in turn can erode the value of these tools for crop production. Although 
such an approach may be economically beneficial to farmers, we have noted that there 
are biological consequences that can negatively impact soybean production as well as the 
surrounding environment when a preventative approach is adopted. We have suggested 
that using the principles of IPM can be an improvement to a preventative approach, by 
limiting the use of pest management tools to when they are needed. By reducing the use 
of insecticides, the selection pressure that insects experience may be reduced, leading to 
a more sustainable use of these tools. 
As noted above, there are barriers that prevent the IPM approach from being adopted 
by farmers. The risk (both perceived and real) of not applying an insecticide may prevent 
farmers from switching from a preventative to I PM-based approach. Furthermore, farmers 
may not be aware of Ell or ET as a tool for determining the need for and timing of pest 
management. A lack of information may be most prevalent in regions where substantial 
research and extension infrastructure do not exist. But even within regions of soybean 
production with such an infrastructure, limited information can slow the adoption of 
IPM. For example, invasive species continue to arrive and establish within the United 
States. Recently, the kudzu bug (Megacopta cribraria) and brown marmorated stink bug 
(Halyomorpha halys) have invaded the United States. Each insect is capable of establishing 
large populations on soybeans in the United States, resulting in economic damage to 
soybeans. Applied entomologists have developed preliminary thresholds for each of these 
pests within regions of the United States where they have established themselves (Owens 
et al. 2013; Seiter et al. 2015, 2016). To what extent these ETs will be employed by farmers 
as these pests expand their host range is not clear. Based on surveys of soybean farmers 
in the North Central region of the United States, the occurrence of an invasive pest like 
the soybean aphid may have briefly increased scouting before a preventative approach 
to insecticide application became common. However, surveys of farmers in the Southern 
United States suggest that a culture of scouting fields is much more common (Musser 
et al. 2015) and predates the occurrence of these invasive pests. Efforts to identify factors 
that contribute to the adoption of IPM for soybean production will require addressing 
regional differences in farming practices as well as addressing the perceived and real risks 
associated with IPM. 
For pest management tools like seed-applied insecticides and insect-resistant varieties, 
farmers may not know if a pest outbreak is likely to occur at the time of planting. In 
anticipation of widespread adoption, insect-resistant crops, agribusiness, scientists and 
regulatory agencies have developed and implemented IRM plans to limit the occurrence 
of resistance to at least the insect-resistant varieties. To date, we are not aware of similar 
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plans for seed-applied insecticides. To what extent these plans are adopted fully by 
farmers will determine how sustainably these tools can be used. 
In the end, sustainability not only refers to the environmental soundness of the 
practice but also to the economic and social viability. Though IPM and IRM can provide 
environmental and production benefits, the question remains of their real and perceived 
economic benefit for soybean farmers, especially in South America. The added cost of 
an input may not always result in additional returns (see Johnson et al. 2009). As with 
any tool, it is important to evaluate the benefits and costs to determine in each situation 
what combination of tools can provide the most effective, sustainable and cost-effective 
practice. 
5 Future trends 
A major assumption in our discussion is that IPM can lead to more sustainable pest 
management through the reduction in the use of a given pest management tool. A priori, 
IPM can lead to reduced insecticide use compared to a prophylactic or calendar-based 
approach. However, IPM does not imply no insecticide use. To what extent even a limited 
amount of use can result in resistance is not clear, and will clearly depend upon the 
pest and crop production system. Future research will need to address if integration of 
IPM within an IRM programme can help achieve both the farmer's short-term goals of 
maximizing production, while working towards the long-term goals of preventing or, at 
least, delaying resistance. 
Research studies on South American soybean production need to strongly focus on 
pest and beneficial insect community dynamics among the multiple cropping seasons 
and cropping systems that include soybean. Special attention is required to understand 
population and community dynamics extending beyond insects into pathogen 
management, especially given the increased soybean disease pressure resulting in 
fungicide use and declining entomopathogen (disease of insects) organisms. 
Worldwide, investments are needed in the basic infrastructure for IPM programmes, 
so that sustainable pest management in soybean can be accessible to all farmers. 
This investment may also require training scientists from around the world in developing 
economic thresholds and economic injury levels with regard to key pests of soybean in 
their respective regions. If reducing insecticide use while maintaining high production 
levels is the goal, it will require different approaches in different cultural, political and 
agroecological contexts. The IPM tool box is designed to be adapted across differing 
circumstances but may require the guidance of soybean IPM experts to achieve high-
quality results. 
Going forward, addressing pest management within the context of how soybeans are 
grown may best help farmers understand the value of not only insecticides but other 
pesticide inputs as well. As noted by Davis et al. (2012), when soybeans were grown in 
a three- or four-year rotation, the amount of inputs and cost of production were lower 
than those in a two-year rotation with corn. A substantial reduction in herbicide use was 
attributed to the longer rotations. In the pests reviewed above, crop rotation alone likely 
has limited value in preventing outbreaks. Both the soybean aphid and Helicoverpa 
armigera migrate into fields after the plants have emerged. However, crop rotation 
may alter the physical and biochemical nature of the soil, which in turn could affect the 
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plant's physiology. As noted above, soybean following alfalfa is more at risk for soybean 
aphid outbreaks due to depletion of potassium in the soil (Bruulesma et al. 2010). Other 
preceding crops can affect soybean aphid populations as well (Lundgren et al. 2017), 
though the mechanisms are not yet determined. A systems-level approach used by Davis 
et al. (2012) could help to determine which agronomic practices (e.g. length of a crop 
rotation and the types of plants within the rotation) result in more sustainable soybean 
production. Hopefully, a synthesis of the ideas presented in this box can lead to such 
results. 
6 Where to look for further information 
There are many textbooks that can be a source of information on integrated pest 
management, and we have cited them within the text (Pedigo and Rice 2014). For more 
information, especially where textbooks are hard to find, we recommend visiting 'Radcliffe's 
IPM World Textbook'. This is an online resource for all crops; https://ipmworld.umn.edu/. 
Information sources are most abundant for soybean production systems in the United 
States, where many universities have been conducting investigations. 
For soybean pest management guidance in South America, most references are 
available in Spanish and Portuguese. National research organizations and universities in 
Argentina, Brazil, and other countries in South America have published extensive scientific 
findings related to soybean production and the challenges being faced in the region. 
Specifically we recommend EMBRAPA from Brazil and INTA from Argentina as sources 
of significant bodies of research and published findings: 
EMBRAPA (Brazilian Agriculture Research Corporation): https://www.embrapa.br/soja. 
INTA (National Institute for Agricultural Technology): https://inta.gob.ar. 
Many stakeholders are currently involved in promoting insect resistance management 
plans, and information about their recommendations for refuges can be found here: 
Insect Resistance Action Committee: http://www.irac-online.org/. 
Insect Resistance Management Program (Programa de Manejo de Resistencia de 
lnsectos) http://www. prog ra ma mri. com/. 
From Monsanto Company's South America Website - http://www.intactarr2pro.com.ar/ 
refugio. 
Other regions of the world with soybean production, such as sub-Saharan Africa offer 
less information regarding pest management challenges and practices. However, we 
recommend looking for a contact point in the ministry of agriculture or the associated 
national agriculture research institute. Though there is not always information available 
online, national scientists may be able to guide you for more information. 
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